Metallization technologies are becoming increasingly important for advanced ultralarge scale integration (ULSI) devices, as geometries shrink and complexity increases. 1 Copper is a promising interconnection material for the next generation of ULSI circuits of silicon, because it has low electrical resistivity and high resistance to electromigration and stress voiding compared to commonly used aluminum and its alloys. 2 However, Cu is a deep-level dopant 3 in silicon, which affects the effective doping concentration, lowers the lifetime of the semiconductor minority carrier, and increases junction leakage current. Therefore, as widely considered, a diffusion barrier for Cu is a necessity for silicon integrated circuit applications.
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Metallization technologies are becoming increasingly important for advanced ultralarge scale integration (ULSI) devices, as geometries shrink and complexity increases. 1 Copper is a promising interconnection material for the next generation of ULSI circuits of silicon, because it has low electrical resistivity and high resistance to electromigration and stress voiding compared to commonly used aluminum and its alloys. 2 However, Cu is a deep-level dopant 3 in silicon, which affects the effective doping concentration, lowers the lifetime of the semiconductor minority carrier, and increases junction leakage current. Therefore, as widely considered, a diffusion barrier for Cu is a necessity for silicon integrated circuit applications.
There is a huge literature on grain boundary diffusion in films used as diffusion barriers and good reviews have been given by Gupta 4 and Kattelus and Nicolet. 5 Transition-metal nitrides are known as diffusion barriers because of their high melting points, hardness, and high conductivity. 6 Among those transition metal nitrides, tantalum nitride (TaN) has received extensive interest as a thin film diffusion barrier between silicon and Cu. [7] [8] [9] [10] Since the characteristics of semiconductor devices are determined by the final structure in the electrically active region, the ability to reproducibly control device performance requires a detailed understanding of metal diffusion in diffusion barriers. In addition, because the operating temperature is generally less than half the absolute melting temperature of the film, the diffusion process is dominated by structural defects. Grain boundaries are the most important diffusion paths for polycrystalline films. 11 Whipple 12 and Suzuoka 13 used Fourier and Laplace transforms to solve the problem of coupled lattice and grain boundary diffusion treated as a continuum. Although the lattice and grain boundary diffusion coefficients of Cu in tantalum nitride thin films are essential for the Whipple model, 12 they have never been measured directly. Only Chamberlain 14 and Imahori et al. 15 performed measurements of Cu diffusions in TiN and TaC, respectively.
Auger electron spectroscopy (AES) incorporating ion sputteringetching has been successfully used for measuring thin film diffusion by determining the profiles of diffusion species. 9, 11, 16, 17 A detailed study on some problems intrinsic to the Auger profiling technique for diffusion measurements has been done by Wildman et al. 11 They showed that AES is a good technique for diffusion measurements with some cautions. This work focuses mainly on measuring the temperature and composition dependencies of Cu diffusion in tantalum nitride polycrystalline films and to propose the Whipple model 12,13 as a useful model for analyzing and simulating the diffusion process. Experimental Silicon wafers, <100> oriented, p-type with a resistivity of 2-5 ⍀ cm, cut into 10 ϫ 10 mm pieces, were used as substrates to grow tantalum nitride films. The wafers were cleaned with acetone in an ultrasonic bath for 30 min prior to deposition. Tantalum nitride films were grown in a radio-frequency (rf) magnetron sputtering system. After wafer loading, the system was pumped down to 3.0 ϫ 10 Ϫ7 Torr base pressure for 120 min by a diffusion pump prior to deposition. During deposition, the total pressure was maintained constant at 3.0 ϫ 10 Ϫ2 Torr. The rf power was maintained at 250 W. Notably, the substrate was not heated during deposition. The N 2 /Ar flow ratio was varied by varying the N 2 flow rate while maintaining the Ar flow rate at 30 sccm in order to obtain various TaN x films. Tantalum nitride films about 1.0 m thick were initially deposited on Si substrate. Subsequently, a 80 nm Cu layer was deposited in situ on top of the tantalum nitride layer with a power of 100 W and an argon flow rate of 30.0 sccm. A tantalum nitride protective layer about 30 nm was then deposited to form a layered structure. Finally, the samples were annealed in a vacuum furnace with a base pressure of 3.0 ϫ 10 Ϫ7 Torr at fixed temperatures ranging between 500 and 800ЊC for 180 min.
Auger electron spectroscopic (AES) analysis was performed in a VG Microtech MT-500 spectrometer. The spectrometer was equipped with a hemispherical analyzer. The AES analysis was performed using an electron beam having a kinetic energy of 5 keV. Auger depth profiles were achieved by alternating acquisition and sputtering processes. The argon pressure was carefully maintained at a constant to sustain a constant sputter rate. The sample was not rotated during sputtering or subsequent surface analysis. However, we found that it is important to maintain the alignment of the ion beam with respect to the electron beam to avoid errors introduced by the unevenness of the sputter crater on the composition profile. The composition of the tantalum nitride films was determined by AES.
According to conventional procedures, the micrograph of the sample in ambient conditions was obtained with an atomic force microscope (AFM) (Digital Instruments, Inc., Nanoscope III). The crystalline structure of the TaN x film was examined by transmission electron microscope (TEM). A JEOL 2000 FXII STEM was used to examine the TEM samples. A JEOL JSM-6340F field emission scanning electron microscope (SEM) was used to examine the SEM sample. High resolution transmission electron microscopy (HRTEM) was carried out by a 400 kV electron microscope (JOEL JEM-4000EX) equipped with a top-entry goniometer. Next, a Philips PW1710 X-ray diffractometer was used to examine the sample's crystalline structure. Figure 1a graphs which were obtained for the same sample of Fig. 1a . The grain size measured by AFM is the same as that measured from TEM and SEM images. Figure 2 plots the grain size measured from the AFM micrographs vs. N/Ta ratio, revealing that grain size decreases with increasing N/Ta ratio(x). Figure 3 6/5 . C is the concentration in a section at a depth of y cm from the original surface. Since our source condition is close to an infinite one, the Whipple solution 12 was used to analyze the profile. In such a plot of ln C vs. y 6/5 , the grain boundary contribution to the profile should be very close to a linear function, and its slope is related to the grain boundary diffusivity by the following relationship 18 [1] where D l and D b are the lattice and grain boundary diffusion coefficients respectively, t is the diffusion annealing time, and ␦ is the grain boundary width.
Results and Discussion
Based on Eq. 1 and provided that D l is known, D b ␦ can be determined by measuring the slope from the linear region in the ln C vs. y 6/5 plot. The value of D l can be found from the initial part of the concentration profile, by subtracting the grain boundary contribution extrapolated to zero thickness from the initial part of the profile, and by least-squares fitting the following equation to the remainder [2] which is of the complementary error function form and appropriate for an infinite source of concentration C 0 . 12 Using the derived value of D l , we were able to calculate D b ␦ based on Eq. 1. In order to obtain a value for D b , a grain boundary width must be assumed; it is reasonable to assume a width of about two atom layers, ␦ = 5 ϫ 10 Ϫ8 cm. 16 Table I. S0013-4651(98)12-079-7 CCC: $7.00 © The Electrochemical Society, Inc.
The shallow profile in this work, extending to a maximum of only about 500 Å, calls into question the validity of using the approximate formulas in Eq. 1 and 2. 19 We were able to check the validity by reconstructing the diffusion profile using the exact Whipple solution. 12,13 Whipple 12 and Suzuoka 13 used Fourier and Laplace transforms to solve the problem of coupled lattice and grain boundary diffusion treated as a continuum. For the idealized model of grain boundary diffusion, the average concentration can be expressed as
for an infinite source condition, as in the case of this work, where
[5]
Equations 3, 4, and 5 require the characterization of average grain size and crystalline microstructure of the tantalum nitride film before the diffusion profiles can be reconstructed. Figure 4 depicts the cross-sectional TEM bright-field micrograph with electron diffrac-
tion pattern of the TaN 0.99 film (which is similar to the micrograph and pattern of other TaN x films). The deposited film on Si, determined by the ring spacing of the electron diffraction pattern, is of polycrystalline tantalum nitride. Figure 4 also illustrates a columnar structure proving Whipple's assumption that "An idealized model of diffusion in solids containing grain boundaries consists of a semiinfinite solid with a thin slab of grain boundary perpendicular to the free surface on which a uniform source is initially placed." 12, 13 The XRD results of as-deposited and heat-treated samples indicate that the grain structure of the film remains unchanged by the heat-treatment used to induce the diffusion of Cu into the TaN x films. Figure 5 presents a high-resolution cross-sectional image of the Cu/TaN 1.23 film, after the film was annealed at 500ЊC. Cu diffuses 
The grain boundary width ␦ can be estimated from the HRTEM micrograph in Fig. 5 . The obtained grain boundary width of 5 ϫ 10 Ϫ8 cm agrees with the previously assumed value.
Based on our measured diffusivities and grain sizes, the diffusion profiles were reconstructed using the exact Whipple solution, 12, 13 as displayed in Fig. 3 . According to this figure, the value of D b ␦ determined from Eq. 1 is about 20% too low. A satisfactory fit to the data can be obtained by increasing the measured D b . The temperature dependence of the grain boundary diffusivity in different TaN x thin films can be expressed by the Arrhenius relation of D b ϭ D b0 exp(ϪQ b /kT), as plotted in Fig. 6 , where D b0 is the pre-exponential factor, Q b is the activation energy for grain boundary diffusion, k is the Boltzmann constant, and T is the temperature. The activation energy Q b of Cu diffusion in TaN x thin films increases with N/Ta ratio (x), as indicated in Fig. 7 .
At low temperatures (below 1073 K), the depth of penetration of the Cu diffusing into the lattice was so small, that it was not possible to obtain a sufficient number of data points in the lattice diffusion zone. Owing to this, only rough estimates of the lattice diffusion coefficients were made at low temperatures. The temperature dependence of the lattice diffusivity in different TaN x thin films can also be expressed by the Arrhenius relation of D l ϭ D l0 exp(ϪQ l /kT ). This dependency is plotted in Fig. 8 , where D l0 is the pre-exponential factor and Q l is the activation energy for lattice diffusion. The activation energy Q l of Cu diffusion in TaN thin films decreases linearly with N/Ta ratio (x), as disclosed in Fig. 9 .
The values of diffusivities, pre-exponential factors, activation energies, and grain sizes, are summarized in Table I . Using the values in Table I , the Whipple model 12,13 (Eq. 3) correlates well with experimental results (Fig. 3) . Therefore, this work demonstrates a method of mathematically predicting the lifetime of a diffusion barrier and controlling device performance. 
